Abstract: Synthetic opioid agents have been used in modern medicine for over a century and for opioid addiction treatment for over a half-century. Liberal use of opioids in the United States has been attended by an extraordinary increase in opioid-related mortality, with over 16,000 deaths in 2012. As there have been advances in opioid agents for pain and addiction, so have there been advances in our understanding of the cardiac effects of these agents. In the last 10 years, significant data regarding electrophysiologic effects of these agents have been collected. We aim in this review to discuss the effects on cardiac electrophysiology of the various opioid agents currently in use and the evidence that these effects are contributing to the rise in opioid-related mortality.
INTRODUCTION
Opium and its derivatives have been used for millennia. The Sumerians are documented to have used an extract of opium for religious rituals in the third millennium B.C. and documents as early 1500 BC indicate opium use for medicinal purposes [1] . Although morphine and codeine were not isolated until the early 19 th Century, the dangers of these agents prompted the search for safer and less addictive alternatives. The first of these alternatives, heroin, was introduced in 1898 [1] and since then a number of new opioid agonist, antagonist and mixed agonist/antagonist agents have been developed. Although beyond the scope of this review, Cambell and Novell provide a fascinating overview on the development of opioid alternatives in the 20th century.
In the last two decades, the potential for non-cardiac pharmacologic agents to produce cardiac effects has been better recognized. In 1990, Monahan et al. reported the discomfiting finding that a widely used non-sedating antihistamine, terfenadine (Seldane), was capable of prolonging cardiac electrical activity and causing life-threatening ventricular arrhythmia [2] . From that time, the FDA has required that all newly developed drugs be assessed for their potential cardiac effects prior to their approval. A number of opioid agents had been in regular use for decades prior to the recognition of these possible effects and the change in FDA scrutiny. Nevertheless, a body of evidence has developed suggesting that opioid agents have variable degrees of cardiac effects. The scope of these cardiac effects will be reviewed here. 
CARDIAC ELECTROPHYSIOLOGY
From the standpoint of electrophysiology, the heart contains three types of cells: nodal, or "pacemaker cells", contracting muscle cells, or "myocytes," and Purkinje cells. The three cell types exhibit significant differences in structure and function, with nodal and Purkinje cells acting to initiate and conduct electrical activity to the myocytes. There are few data beyond case reports to suggest that opiates have any direct effect on the electrical behavior of nodal or Purkinje cells, but substantial evidence of impact on the myocytes.
Myocytes represent the vast mass of cardiac tissue, and perform the mechanical work of the heart. The electrical activity of the cardiac myocyte and its coupling with mechanical action are central to fundamental cardiac function. During the cardiac cycle, an individual myocyte exhibits a nearly100 mV change in electrical voltage from negative to positive during systole ("depolarization") and then positive to negative during diastole ("repolarization"). The time course of this voltage change describes a characteristic shape represented by the "action potential" (Fig. 1a) and is brought about by the transmembrane movement of certain critical ions, predominantly sodium during depolarization and potassium in repolarization. These ions flow through specific pore-forming proteins (or "channels") in the myocyte membrane. Collectively, the aggregate action potentials produce the characteristic tracings of a surface electrocardiogram, and the total duration of ventricular depolarization and repolarization is represented by the QT interval (Fig. 1b) . The impairment of movement of any one of these electrolytes can have global effects on this electrical process. Drugs and toxins may lodge in these channels and either increase or decrease ionic flow during the action potential, altering its shape and changing the appearance of the surface electrocardiogram. The most common channel to be affected by drugs Mark C. Haigney is the rapid component of the delayed rectifier potassium channel. This conductance is referred to as I Kr , and the protein associated with I Kr is the human ether a go-go relatedgene channel (I HERG ). Potassium flow through this channel is critical for returning the voltage of the heart cell to its diastolic potential during "repolarization." While other channels also participate in repolarization, the hERG-related channel is the most important for determining the action potential duration, and hence the QT interval, in the resting state. Unfortunately, the structure of the channel is such that many drugs are capable (to varying degrees) of lodging in its central pore and obstructing flow of potassium. The effect of decreased flow through this channel is prolongation of the duration of the action potential and consequently prolongation of the QT interval [3] . In the treatment of cardiac arrhythmias, the duration of the action potential may be intentionally prolonged with medications (i.e. sotalol or dofetilide) intended to block current flow through the hERG channel to achieve arrhythmia suppression. Unfortunately, the drug-induced prolongation of repolarization can inadvertently increase the heterogeneity of electrical state between adjacent regions of cardiac muscle, promote spontaneous, abnormal depolarizations, and actually increase the risk for arrhythmia. The arrhythmia most commonly induced by drugs prolonging repolarization and the QT interval is a type of polymorphic ventricular tachycardia known as Torsades de Pointes (TdP) [3] .
The occurrence of TdP is a rare event, and in order to reduce the size of clinical trials investigating the safety of drugs and identify potentially arrhythmogenic compounds, measurement of the QT interval is used as a surrogate endpoint. Currently, the FDA considers several findings on electrocardiogram clinically significant for the risk of cardiac arrhythmia, with greater magnitudes of QT prolongation generating greater concern.
Due to the complex interaction of changing extracellular and intracellular ion concentrations with ion channel biophysics, the QT interval shortens at higher heart rates in healthy individuals. In order to compare values of QT taken at different heart rates, an attempt is made to normalize or "correct" the value to a heart rate of 60 beats per minute. Typically the QT is divided by the square ("Bazett correction") or cube root ("Fridericia correction") of the inter-beat interval, although an array of alternative approaches have been tried. (The commonly-applied Bazett correction introduces error at heart rates above 80 beats per minute, resulting in healthy individuals being labeled as having long QT intervals, and the Fridericia approach preferred.) The result is expressed as the heart rate corrected QT or "QTc." An increase in the group mean QTc of >20 msec is considered a definitive sign of TdP risk. Because TdP tends to occur in "outliers," particular attention is paid to individuals manifesting an absolute increase in QTc > 60 msec from baseline or a peak QTc > 500 msec, as these individuals have a risk of TdP of 3% or greater [4] . A number of non-cardiac agents have effects on this I kr / I HERG channel with variable effects on cardiac repolarization and variable potential for cardiac arrhythmia [5] . As many authors have pointed out, however, the QTc is an imperfect marker of arrhythmic risk, lacking specificity and, to a much lesser degree, sensitivity. The development of better surrogate measures is an area of considerable interest to investigators, regulators, and the pharmaceutical industry.
OPIOID PHARMACOLOGIC ACTION
The understanding of opioid action on the central nervous system began to evolve in the early to mid 1970s. Several authors demonstrated that there were binding sites within the central nervous system that were stereo-specific for opiates and that there was in fact endogenous opiate production [6] [7] [8] [9] The presence of the different types of opioid receptors (κ, δ and µ) had been demonstrated not only in the central nervous system but in the gastrointestinal tract, reproductive tract and peripheral nervous system [10, 11] . The various opioid receptors share a common affinity for the specific chemical structure found in opioid agents, namely an amine (N(CH 3 ) x ) structure in close proximity to an aromatic ring (Fig. 2) [1] . Interestingly, some of these opioid receptors had been shown to activate inward rectifier potassium channels and inhibit voltage dependent calcium channels [12, 13] . Nevertheless, concern regarding potential cardiac action of opioid agents first came to light in 2001 when Deamer et al. published a case series of TdP associated with high dose levomethadyl acetate (ORLAAM) [14] . the effect of several opioid agonists on I kr /I HERG in a cell culture model expressing human hERG-related channels. These investigators found that levomethadyl acetate and methadone were potent inhibitors of this channel, manifesting a 50% reduction in current in the low micromolar range which represent achievable plasma concentrations, while other opioid agonists such as morphine and codeine block the channel at concentrations that are orders of magnitude above likely serum levels ( Table 1 ) [15] . Interestingly, Zünkler and Wos-Maganga demonstrated that heroin is 100-fold less potent than methadone in I kr /I HERG inhibition as demonstrated in a similar cell culture model, a difference in potency which is comparable to that of morphine and codeine [16] . Fanoe et al. evaluated the effects of oxycodone on I kr /I HERG in two types of cultured cell lines. In this single report, oxycodone showed weak inhibitory effects at very high concentrations (50% inhibition at 171 µM) in one heterologous cell line but no effect in a second [17] . These compounds share the amine and aromatic structure configuration associated with opiate receptor agonism, however their structures are clearly distinct from potent hERGblocking agents. Levomethadyl acetate and methadone have a biphenyl structure similar to terfenidine but unlike other opioids ( Fig. 2) [15] . In this same study, EDDP (2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine) a metabolite of methadone which has this biphenyl structure did not demonstrate the same degree of channel inhibition. The authors suggested that the attenuated I kr /I HERG inhibition is likely due to the presence of a pyrrolidine ring in which the amine structure is positively charged [15] . In a more recent publication, Kang et al. showed that LAAM specifically inhibited I kr /I HERG and not other forms of cardiac K + channels [18] . Oxycodone does not share this biphenyl structure, and specific explanation for the (albeit equivocal) evidence of low-potency I kr /I HERG blockade is not clear [17] . Based on the in vitro evidence of the potential for hERG blockade, retrospective and prospective assessments of the clinical cardiac effects of opioid agents have since been conducted in a number of patient populations.
LEVOMETHADYL ACETATE (LAAM)
As noted above, LAAM was the first opioid agent to be identified as having clinically concerning cardiac effects [14] . Although methadyl acetate had been shown in numerous studies over a quarter century to be quite effective in treating opioid addiction [19] [20] [21] [22] [23] [24] [25] [26] [27] , the United States Food and Drug Administration (US FDA) and the European Agency for the Evaluation of Medicinal Products issued warnings regarding LAAM and the potential for adverse cardiac effects [28, 29] . Aside from the significant case report of TdP [13] , there have only been two additional studies assessing the electrocardiographic effects of LAAM [30, 31] . In these studies, the mean QTc increase ranged between 9 and 30 msec with similar doses of LAAM used (75-115 mg, given three times per week). In a blinded, randomized analysis, the mean QTc increased 27±5 msec at 4 weeks (p<0.001) and an additional 22±5 msec over the remaining 12 weeks. Five of 46 subjects exhibited a peak QTc >500 msec at some point in the study [30] . In 2003, Roxane Laboratories withdrew the compound in the US, and further assessment of LAAM has been curtailed due to its limited availability. 
METHADONE
Bockmühl and Ehrhart synthesized methadone (2-dimethylamino-4,4-diphenyldeptanon-(5)) for Hoechst pharmaceuticals in 1939 and this agent was introduced to the US market by Eli-Lilly in 1947 [32] . Available as an analgesic from that point on, the use of methadone as a therapy for opioid addiction was not first reported until 1965 by Dole and Nyswander [33, 34] . Concerning reports of adverse cardiac events related to methadone use first surfaced in 1996 with a report of TdP to the FDA MedWatch program [35] . [36] . In 2002, Krantz et al. were the first to report a case series of TdP associated with high dose methadone (mean dose 397±283mg) and in this cohort found a mean QTc of 615±77msec. In this series, methadone dose was significantly associated with TdP and QTc prolongation [37, 38] . A literature review conducted by Justo et al. in 2006, found 14 reports of TdP with a total of 40 patients treated with high dose methadone (mean dose 231± 201mg, range 60-1000 mg/day) for opioid dependence. The most common risk factor for TdP was a daily dose of methadone in excess of 60 mg. The mean QTc for the patients in this particular review was 598±75 msec [39] . A PubMed search for methadone and TdP yields over 36 case reports or case series of documented TdP in patients treated with I.V. or oral preparations of methadone. [Search terms: Torsades de Pointes AND methadone] In the last 10 years, there have been numerous reports assessing the effects of methadone on the QT interval. In these reports, the incidence of QTc >500, a level widely believed to confer high risk for TdP, ranges between 1% and 16%. In most reports, cases of significant prolongation were dose dependent [29, 38, . Baseline EKGs were performed and at 6 and 12 months into therapy. The mean QTc interval at follow-up was 430.8 ± 24 msec at 6 months and 431.5±26 msec at 12 months. The mean increase in the QTc from baseline was 12.4±23 msec (p<0.001) at 6 months and 10.7±30 (p=0.001) msec at 12 months and there were 2 (1.8%) patients exhibiting a peak QTc >500 msec. In both univariate and multivariate analyses, methadone dose was significantly associated with QTc prolongation [40, 41] . As referred to previously, a doubleblinded, randomized trial assessing the clinical efficacy of LAAM, low dose (20mg) and therapeutic (60-100mg) methadone and buprenorphine involved prospective assessment of EKG data. In this trial, the therapeutic methadone treated patients demonstrated an in-group mean increase in QTc of 17.3±5 msec at four (p=0.003) and an additional 17±5 msec at 16 weeks. Of these patients, 23% manifested a QTc >470 msec for males or 490 msec for females (p<0.001), 12% had an increase in QTc of >60msec from baseline [odds ratio compared to buprenorphine, 8.4; 95% CI, 1.9-36.4] and six of 52 subjects manifested a QTc >500msec (p>0.001) [30] . Not all investigators have found a tendency for methadone to prolong the QTc. A prospective, open label assessment of QTc in advanced cancer patients treated with methadone over an 8 week period conducted by Reddy et al. produced results showing the mean QTc interval shortened by 50 msec, an effect, if genuine, which would be expected to be very pro-arrhythmic [42, 43] .
Most recently, Stallvik et al. conducted a prospective assessment of QT interval effects of methadone over 6 months. In this study patients underwent full detoxification and controls for illicit drugs or other medications that might influence methadone metabolism or affect QTc were put into effect. The mean dose of methadone was 88.2 ±15.3 mg/d at 1 month and 95.5±16.2 mg/d at 6 months. The mean QTc at baseline was 406±19.1 msec and the QTc measured at fol- low-up was 409±19.5 msec and 408±18.0 msec at 1 and 6 months respectively. The authors found no QTc prolongation at the doses studied with no significant correlation between measured serum methadone concentration and QTc. They conclude that doses of methadone less than 100 mg per day do not prolong the QTc, contrary to the findings of Wedam et al. [65] . In light of the numerous other reports finding QTc prolongation at these methadone doses, the in vitro evidence of hERG blockade by methadone, the results of these latter two studies are difficult to explain. It should be noted, however, that a rigorous evaluation of a drug's effect on the QT interval requires both that all investigators be blinded to treatment assignment and that the study demonstrate sensitivity by using a positive control. If a study fails to find evidence of QT prolongation, the results are only believable if the investigators can demonstrate that they can detect QT prolongation using an agent with a small but proven effect. Typically, regulatory agencies require the use of a positive control such as the fluoroquinolone moxifloxacin to prove that the sponsors can detect small but significant QT prolongation in a blinded, randomized analysis. Omitting such a comparison risks biasing the study in favor of finding no QT prolongation, an outcome that is highly desirable for the sponsor. To date, only our 2007 study in fulfills the requirements of being double blinded, randomized, and containing both positive (LAAM) and negative (buprenorphine) controls.
There have been several epidemiologic studies reporting an increased incidence of death associated with methadone [66] [67] [68] [69] [70] . Increasing use has been associated with a sevenfold increase in methadone poisoning deaths within the United States between 1999 and 2006, yet the increased mortality is out of proportion to the use [66] . Paulozzi and Ryan noted that 22% of all opioid related mortality in 2002 was due to methadone despite it only constituting 6% of the morphineequivalents distributed [67] . Chugh et al. prospectively assessed the records of sudden death in the greater metropolitan area of Portland, Oregon between 2002 and 2006. In this study, 72 of 177 consecutive fatalities were found to have evidence of methadone on toxicology examination, while only 12 of 177 subjects had other opioids detected. 43 of the 77 were excluded from further analysis if their methadone level was greater than 1.0 mg/L (n=11) or evidence of recreational drug use/overdose was present (n=32). Of the remaining 29, there were 22 who had undergone a "detailed" autopsy. Five of these subjects were identified as having a structural cardiac abnormality that might constitute a cause of sudden death (23%), while in the remaining 17 no specific cardiac abnormality could be identified. This group was compared to the 106 autopsied subjects without methadone. In this second group, 60% of the patient's had a cardiac structural abnormality to account for the cause of sudden death, versus 23% of the methadone subjects, a highly significant difference (p=0.002, Pearson chi-square) [68] . The authors concluded: "The low prevalence of identifiable cardiac disease or structural abnormalities in the cases with therapeutic levels of methadone (<1 mg/L) strongly suggests a causative role for methadone in the pathogenesis of sudden cardiac death among this group". Sudden death related to cardiac arrhythmia leaves no characteristic pathologic findings, so definitive association between methadone and arrhythmic death is difficult. Alternatively, death due to respiratory depression cannot be ruled out, although the low prevalence of other opioids that also suppress respiration in the sudden death group argues that a unique property of methadone is responsible.
Other retrospective studies of methadone associated deaths show a complex picture. Vormfelde and Poser and Heinemann et al. separately demonstrated that upwards of 65-70% of the methadone related deaths occurred in individuals without a history of methadone maintenance therapy (MMT) [69, 70] . In individuals with a history of MMT, 51% of the methadone related deaths occurred in the dose adjustment period [69] . This latter observation had been made earlier by Capelhorn in 1998 noting that there is an increased mortality within the first 2 weeks of methadone therapy [71] . As this collection of studies illustrates, multiple factors are at play with respect to mortality associated with methadone. Prior studies have shown that the efficacy of MMT is related significantly to the rate of change in methadone concentration and specifically the enantiomer of methadone (i.e. (R)-and (S)-methadone) more than the absolute concentration at a given point in time [72] [73] [74] [75] [76] [77] [78] [79] . Eap et al. and Foster et al. have shown that there is significant inter-individual variability in the clearance, volume of distribution and protein binding of the enantiomers of methadone [75, 76] . Eap et al. showed that differences in metabolism between patients can result in seven-fold differences in enantiomer concentrations [77] . Eap et al. also showed that, between patients, there can be a 17-fold difference in the trough concentration of (R)-methadone measured and the dose of racemic (R/S) methadone given [78] . Ower et al. published a case illustrating significant QT interval variation within a patient on a stable dose of racemic methadone for chronic pain [48] . It is notable that Eap et al. showed that (S)-methadone is 3.5 times more potent than (R)-methadone in blocking I kr /I HERG [79] . Lin et al. corroborated these findings independently [80] . Eap et al. also showed that individuals with cytochrome P450 CYP2B6 slow metabolism had higher S-methadone plasma concentrations and demonstrated longer mean QTc than extensive metabolizers. S-methadone is apparently preferentially metabolized by CYP2B6 and it is estimated that 6% of Caucasians and African-Americans are CYP2B6 slow metabolizers [79] . Skjervold et al. conducted a retrospective assessment of QTc in patients and attempted to correlate these measurements with (R)-and (S)-methadone serum concentrations. In contrast to the findings of Eap et al., they found that QTc prolongation weakly correlated more with a higher (R)-methadone concentration [81] . Fonseca et al. also assessed QTc in 109 patients and noted significant prolongation but did not demonstrate significant correlations between (R)-or (S)-methadone concentrations [55] . Ansermot et al. in 2010 prospectively found that the QTc significantly reduced when (R)-methadone was substituted for racemic methadone and the opposite occurred when racemic methadone was substituted for (R)-methadone [82] . Although methadone is predominantly metabolized by the cytochrome P450 CYP3A4 and in addition to CYP2B6, the enzymes CYP1A2, CYP2D6, 2D8, and 2C8/2C9 are also involved and competition with numerous other drugs ( Table 2) can affect methadone serum concentrations and end-organ effect. Additionally, methadone is over 80% protein bound in the serum, mostly to α1-acid glycoprotein. Nutritional status, inflammatory state and other co-morbidities can affect protein binding [83] . P-glyocoprotein (ABCB1) is apparently important to the pharmacokinetics and dynamics of methadone particularly with respect to drug-drug interactions [84] . Anchersen et al. recently demonstrated the potential contribution of latent genetic predisposition, namely Long QT syndrome (LQTS), as another factor in the noted prolongation of QT associated with methadone but more interestingly noted the wide variation in QT interval measurements over time even among those patients with known LQTS. In their analysis 2 of 200 were heterozygous for LQTS [60] . The prevalence of LQTS in the population has been estimated between 0.01% and 1% and may in fact be underestimated with the currently available data [85] .
A particular drug-drug interaction commonly sited regarding methadone is that with benzodiazepines. Kuryshev et al. showed that diazepam alone did not affect myocyte action potential duration but in combination with methadone was synergistic in prolonging the action potential over and above that of methadone alone [86] . Commonly, respiratory depression is cited as cause for mortality when methadone and benzodiazepines are used in combination; however, Lintzeris et al. have shown that a combination of methadone and diazepam resulted in no difference in oxygen saturation in patients compared with methadone alone [87, 88] . Respiratory depression is a particularly important consideration especially with regards to sleep disordered breathing and sleep apnea. Central sleep apnea is more prevalent in MMT patients than non-MMT patients and in some patients is related to methadone blood concentration yet other factors are involved [89] . Prior studies have demonstrated that significant QT interval prolongation and bradycardia are associated with sleep apnea and that sleep disordered breathing, namely obstructive sleep apnea, is associated with a 17.5 fold increased risk for ventricular arrhythmia [90, 91] . Schwartz et al. demonstrated that nearly 50% of patients with Long QT syndrome type 2 (LQT2), who have a reduced I kr /I HERG channel activity, have lethal cardiac events during sleep [92] . Clearly, the metabolism of methadone is quite complex and is influenced by several factors which contribute to its intrinsic cardiac electrophysiologic effect. [94] . There is a single case report in which a patient presented with prolonged QTc in the setting of drug overdose with several agents with QT prolonging potential [95] . and demonstrated a mean QTc at six months of 398±19.0 msec (350-420msec). As noted above, there are some questions regarding this latter study as the mean QTc in both the methadone and buprenorphine treated groups appears to have shortened which is difficult to explain [66] . Never the less, the data for buprenorphine indicates that although it has demonstrated weak I kr /I HERG inhibition, clinically it has no appreciable effect on cardiac repolarization. This is likely explained by buprenorphine's chemical structure which is similar to that of morphine, heroin and codeine ( Fig. 2) and does not contain a freely mobile biphenyl structure.
OXYCODONE
The first reported use of oxycodone was in 1917 in Germany for acute pain. The agent was derived from one of the phenantrene opium alkaloids known as thebaine (Fig. 2) in 1916 [96] . Oxycodone shares a chemical structure similar to those of heroin, morphine, codeine and buprenorphine (Fig.   2) . Fanoe et al., as noted previously, has demonstrated that oxycodone is capable of weak I kr /I HERG inhibition and in a cohort of patients there was a dose dependent relationship between oxycodone dose and QTc, namely a 10 msec (95% CI 2-19) increase with a 100mg higher dose of oxycodone [17] . The specific mechanism whereby oxycodone inhibits I kr /I HERG is unclear. Aside from this particular study, there have only been three other case reports noting QTc prolongation particularly in the setting of oxycodone overdose. Berling et al. published a retrospective series of 137 partients treated for acute oxycodone overdose in which the majority of patients had taken sustained released preparations. Although no significant tachyarrhythmias were observed, the authors noted that 24 (18%) patients demonstrated bradycardia (HR<60 BPM) with 5 patients (3.6%) had a heart rate < 50 BPM. Additionally, the authors noted that of the available EKGs (116) there were 20 patients (17%) with abnormal QT intervals [97] . Daniell presented a case report of a patient on relatively low doses of oxycodone who developed prolonged QTc and TdP in the setting of Taku-Tsubo cardiomyopathy. In this case, the direct association with oxycodone is difficult to make [98] . Baranchuk et al. presented a case of a a patient treated with several agents to include morphine, escitalopram and oxycodone who manifested a QTc of 650msec. It should be noted that the patient was bradycardic with wide complex ventricular escape rhythm that would significantly affect the measurement of the QT interval [99] .
CONCLUSION
In vitro data suggest that all opioids are capable of affecting cardiac electrophysiology in a deleterious manner, but the existing clinical data only support a reasonably strong case indicting LAAM and methadone. Nevertheless, the paucity of high quality data regarding the electrophysiological effects of opioids is concerning, particularly in the context of the increasing mortality associated with these agents. Only one randomized study comparing LAAM, methadone, and buprenorphine exists, and this study only acquired monthly electrocardiograms. Modern pharmacologic studies would require continuous, 24 hour monitoring to capture peak drug effects as well as to identify arrhythmias occurring during sleep, when the majority of deaths occur. The interaction of opioid-induced QT prolongation and hypoventilation has not been addressed in any context. Uncertainty exists regarding the best risk-mitigation strategy for QT prolonging agents as well. Only one study demonstrating the feasibility of electrocardiographic screening in an opioid addiction setting exists, and no data on the impact on mortality is available [100] . It is hoped that these issues will receive more attention in order to improve the safe use of opioids.
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